Background {#Sec1}
==========

Total knee arthroplasty (TKA) is a common surgical method for the treatment of end-stage knee disease, which could effectively relieve knee pain and greatly improve patient quality of life \[[@CR1], [@CR2]\]. A substantial increase in the prevalence of TKA over time and a shift to younger ages was noted \[[@CR3]\], such that the number of revision TKAs has increased annually \[[@CR4]\]. The common causes of revision TKA include infection, mechanical loosening, and pain and knee instability \[[@CR5]\]. Compared with primary TKA, revision TKA may be challenging due to longer operative time and more blood loss \[[@CR6]\]. Controlling blood loss and reducing transfusion rates are problems that clinical orthopedic surgeons face.

Tranexamic acid (TXA) has been widely used to reduce blood loss and transfusion requirements in primary TKA \[[@CR7]--[@CR9]\]. However, little is known about the efficacy and safety of the use of TXA in revision TKA. Recently, several published studies have demonstrated that TXA could safely and effectively reduce blood loss and transfusion rates in revision TKA \[[@CR10]--[@CR13]\]. However, some of these studies have been criticized for poor design, low power, inconclusive results and small sample size. It is imperative to clarify whether the use of TXA is effective in revision TKA. Thus, we conducted a meta-analysis to ascertain whether the application of TXA would reduce blood loss and transfusion requirements in revision TKA.

Methods {#Sec2}
=======

This meta-analysis was performed in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses reporting guidelines for the meta-analysis of intervention trials.

Inclusion and exclusion criteria {#Sec3}
--------------------------------

Studies were included if the following criteria were met: (1) study design: comparative studies (randomized controlled trials, RCTs or non-RCTs); (2) study subjects: adult patients with indications for revision TKA; (3) operative intervention: patients in the TXA group received intravenous TXA and patients in the control group received placebo or nothing; (4) outcome measures: the primary outcomes included calculated total blood loss, hidden blood loss, transfusion rate, and postoperative complications. Secondary outcomes included hemoglobin reduction, surgical duration, and length of hospital stay.

Articles that reported at least one outcome were included, and those without the outcome measures of interest were excluded. Letters, comments, editorials, reviews and practice guidelines were excluded. Any controversy was cross-checked and resolved by a third author to reach a final consensus.

Search strategy {#Sec4}
---------------

PubMed, Medline, Embase, Web of Science and the Cochrane Library were searched up to October 2016 for comparative studies involving TXA for reducing blood loss in patients undergoing revision TKA. The search terms were as follows: "tranexamic acid", "knee arthroplasty", "knee replacement" and "revision". The language for the publications was limited to English. The titles and abstracts of studies identified in the search were reviewed to exclude clearly irrelevant studies. The reference lists of all eligible studies and relevant reviews were searched manually for additional trials. The search for titles and abstracts was conducted independently by two reviewers. Disagreements were resolved by consulting a third reviewer.

Quality assessment {#Sec5}
------------------

Two authors independently assessed the risk of bias of the included studies. RCTs were assessed with the RCT bias risk assessment tools of the Cochrane Handbook Version 5.3 \[[@CR14]\]. Non-RCTs were assessed with the Methodological Index for Non-randomized Studies (MINORS) \[[@CR15]\]. Disagreement was resolved by the third author.

Data extraction {#Sec6}
---------------

For each eligible study, both reviewers extracted all the relevant data independently. Data available in articles or tracked by e-mail were extracted independently by two authors. The following variables were recorded: name of the first author, year of publication, sample size, participant sex and age, revision reason, surgical approach, anesthesia and outcome measurements. Data in other forms (i.e., median, interquartile range, and mean ± 95% confidence interval (CI)) were converted to mean ± standard deviation (SD) according to the Cochrane Handbook. If data were not reported numerically, we extracted them by manual measurements from published figures.

Data analysis and statistical methods {#Sec7}
-------------------------------------

All statistical analyses were performed with Review Manager (version 5.3 for Windows, The Cochrane Collaboration, The Nordic Cochrane Centre, Copenhagen, 2008). The mean difference (MD) with a 95% CI was calculated for continuous data. The risk difference (RD) with 95% CI was calculated for dichotomous data. Heterogeneity among studies was estimated using the I^2^ statistic; substantial heterogeneity was represented by I^2^ \> 50%. A random effects model was used if the heterogeneity test was not significant (I^2^ \> 50%; *P* \< 0.1). Otherwise, we adopted the fixed-effects model, and *P* \< 0.05 was considered significant. Subgroup analysis was performed to explore the impact of an individual study by removing one study from the analysis each time.

Results {#Sec8}
=======

Study characteristics {#Sec9}
---------------------

The search process is shown in Fig. [1](#Fig1){ref-type="fig"}. Table [1](#Tab1){ref-type="table"} summarizes the characteristics of the four included studies, which were published between 2012 and 2016. The studies' sample size was 47--422 patients. All of the trials involved revision TKA. Baseline characteristics between the two groups in each study were well matched. All included studies reported the use of a tourniquet and chemoprophylaxis for deep venous thrombosis (DVT) or pulmonary embolism (PE). All included studies reported no differences in preoperative hemoglobin between the two groups. All studies described an indication for transfusion associated with a reduction in hemoglobin level or hematocrit and clinical symptoms. Thromboembolic complications, such as DVT or PE, were reported in three studies \[[@CR10], [@CR12], [@CR13]\]. Two included studies reported that revision components were implanted in both the femur and the tibia \[[@CR10], [@CR11]\]. The other two studies stated patients were undergoing revision of two components, revision of one component, or an isolated liner exchange.Fig. 1Flowchart of the study selection process Table 1Characteristics of included studiesStudyGroupSimple sizeAge (Y)Gender (M/F)Preoperative hemoglobin (g/l)InterventionDiagnosisAguilera 2012 \[[@CR10]\]TXA19752/171321 gAseptic looseningControl28749/19134Ortega-Andreu 2016 \[[@CR11]\]TXA4468.812/32141two doses of 15 mg/kg per doseAseptic loosening; Pain; Polyethylene wear; Prosthesis malposition; FractureControl4374.211/32138Samujh 2014 \[[@CR12]\]TXA4365.414/1913215 mg/KgNSControl6864.729/39135Smit 2013 \[[@CR13]\]TXA24668.9121/125132.120 mg/KgLoosening; Infection; Polywear; Instability; Stiffness; Malalignment; Patellar problems; PainControl17869.887/91129.9

Risk of bias assessment {#Sec10}
-----------------------

Four included studies were non-RCTs, and the MINORS scores were 18--20 for the retrospectively controlled trials. The methodological quality assessment is presented in Table [2](#Tab2){ref-type="table"}.Table 2Quality assessment for non-randomized trialsQuality assessment for non-randomized trialsAguilera 2012 \[[@CR10]\]Ortega-Andreu 2016 \[[@CR11]\]Samujh 2014 \[[@CR12]\]Smit 2013 \[[@CR13]\]A clearly stated aim2222Inclusion of consecutive patients2222Prospective data collection2222Endpoints appropriate to the aim of the study2222Unbiased assessment of the study endpoint0000A follow-up period appropriate to theaims of study2222Less than 5% loss to follow-up2222Prospective calculation of the sample size0000An adequate control group2222Contemporary groups0212Baseline equivalence of groups2222Adequate statistical analyses2222Total score18201920

Outcomes of the meta-analysis {#Sec11}
-----------------------------

### Transfusion requirements {#Sec12}

Four studies involving 667 patients were used to perform a meta-analysis on the requirements of blood transfusion \[[@CR10]--[@CR13]\]. The transfusion rate was 14.5% and 33.8% in the TXA (51 patients) and control groups (107 patients), respectively. Significant heterogeneity was observed, and a random effects model was used (I^2^ = 85%, *P* = 0.0002). The meta-analysis revealed significant differences in transfusion requirements between the two groups (RD = −0.25; 95% CI: -0.43 to −0.08; *P* = 0.005, Table [3](#Tab3){ref-type="table"}).Table 3Meta-analysis resultsOutcomeStudiesGroups (TXA/Placebo)Overall effectHeterogeneityEffect estimate95% CI*p*-ValueI^2^(%)*p*-ValueTransfusion requirements4352/317−0.25−0.43, −0.080.005850.0002Drainage volume263/72−321.07−445.13, −197.010.00500.68Hb reduction2290/221−0.52−0.79, −0.250.0001620.11Length of hospital stay3309/249−2.36−4.00, −0.710.005700.04Deep venous thrombosis3308/2740.00−0.01, 0.020.6900.97Pulmonary embolism2289/246−0.01−0.03, 0.010.1800.89*TXA* tranexamic acid, *CI* confidence interval

### Drainage volume {#Sec13}

Data from two studies involving 135 patients were available to examine drainage volume \[[@CR10], [@CR11]\]. No significant heterogeneity was observed, and a fixed effects model was used (I^2^ = 0%, *P* = 0.68). The application of TXA in revision TKA produced significantly less drainage volume compared with the control group (MD = −321.07; 95% CI: -445.13 to −197.01, *P* = 0.005, Table [3](#Tab3){ref-type="table"}).

### Hemoglobin reduction {#Sec14}

Two studies involving 511 patients reported hemoglobin reduction after revision TKA \[[@CR11], [@CR13]\]. No significant heterogeneity was observed, and a fixed effects model was used (I^2^ = 62%, *P* = 0.11). A significant difference was observed between the two groups regarding the amount of hemoglobin reduction after revision TKA (MD = −0.52; 95% CI: -0.79 to −0.25, *P* = 0.0001, Table [3](#Tab3){ref-type="table"}).

### Length of hospital stay {#Sec15}

Data were available from three studies involving 558 patients \[[@CR10], [@CR11], [@CR13]\]. Significant heterogeneity was observed, and a random effects model was used (I^2^ = 70%, *P* = 0.04). A statistically significant difference in the length of hospital stay was noted between the two groups (MD = −2.36; 95% CI: -4.00 to −0.71, *P* = 0.005, Table [3](#Tab3){ref-type="table"}).

### Deep venous thrombosis {#Sec16}

Three studies reported the post-operative incidence of DVT \[[@CR10], [@CR12], [@CR13]\]. No significant heterogeneity was observed, and a fixed effects model was used (I^2^ = 0%, *P* = 0.97). The meta-analysis revealed no significant difference in the post-operative incidence of DVT between the two groups (MD = 0.00, 95% CI: -0.01 to 0.02, *P* = 0.69, Table [3](#Tab3){ref-type="table"}).

### Pulmonary embolism {#Sec17}

Two studies reported the post-operative incidence of PE \[[@CR12], [@CR13]\]. No significant heterogeneity was observed, and a fixed effects model was used (I^2^ = 0%, *P* = 0.89). The meta-analysis revealed no significant difference in the post-operative incidence of PE between two groups (MD = −0.01, 95% CI: -0.03 to 0.01, *P* = 0.18, Table [3](#Tab3){ref-type="table"}).

Discussion {#Sec18}
==========

Although the patients with TKA can experience good functional outcomes and long-term implant survivorship \[[@CR2]\], TKA failure and revision TKA continue to be a significant clinical challenge for orthopedic surgeons. Revision TKA could produce more blood loss and higher transfusion rates compared with primary TKA \[[@CR16]\]. Perioperative blood loss is an inevitable complication of revision TKA, which could lead to anemia. Effective blood management can minimize blood loss and transfusions such that patients achieve better results. TXA, an antifibrinolytic agent, could be effective and safe in reducing blood loss in primary TKA. The main applications of TXA are intravenous or intra-articular injection. However, there is relatively little research on the role and dosing regimen of TXA in revision TKA.

The most important findings of the present meta-analysis are that the application of intravenous TXA for patients undergoing revision TKA may reduce the transfusion rate, drainage volume, hemoglobin reduction and length of hospital stay without increasing the risks of DVT or PE. To our knowledge, this is the first meta-analysis of comparative trials to evaluate the efficacy and safety of TXA in revision TKA.

To date, the efficacy and safety of intravenous TXA for reducing blood loss and transfusion rates in revision TKA remains controversial. Many scholars continue to explore the strategy of intravenous TXA administration in revision TKA. In revision TKA, preoperative hemoglobin could be an important factor to avoid transfusion. All included studies indicated no differences from preoperative hemoglobin between two groups. The present meta-analysis demonstrated that hemoglobin reduction was reduced in the TXA group compared with the control group.

The pooled results demonstrated significant differences in the transfusion rate between the TXA group and the control group. The transfusion rate was 14.5% and 33.8% in the TXA group and the control group, respectively. Aguilera et al. \[[@CR10]\] first evaluated the effectiveness of TXA in revision TKA and provided evidence that the early administration of TXA could decrease the transfusion rate of the patients with revision TKA. Ortega-Andreu et al. \[[@CR11]\] confirmed that a two-dose intravenous administration of TXA in revision TKA was effective in decreasing hemoglobin loss and the transfusion rate. Although all included studies described an indication for transfusion associated with a reduction in hemoglobin level or hematocrit and clinical symptoms, the outcome of units transfused was reported in two studies that were not analyzed owing to insufficient data.

The application of TXA could reduce postoperative drainage volume and earlier drainage tube removal, which could be helpful for rapid recovery \[[@CR11]\]. TXA could also be associated with shortening the length of hospital stay \[[@CR13]\]. The present meta-analysis revealed that the application of TXA could significantly reduce the average length of hospital stay and drainage in patients undergoing revision TKA. Reducing transfusion rates and minimizing the average length of hospital stay could reduce financial burden. According to the cost savings calculation \[[@CR17]\], there would be a potential yearly cost savings of \$22,300 with the application of TXA in revision TKA \[[@CR13]\].

The application of TXA did not increase the incidence of DVT and PE in patients undergoing primary TKA. Therefore, the application of TXA is mainly concerned about the incidence of thromboembolic events in revision TKA. In the present meta-analysis, no significant differences in the incidence of DVT or PE were noted between the TXA group and the control group.

It is imperative to acknowledge some potential limitations in our meta-analysis: (1) the sample sizes of the included studies were relatively small, (2) the methodologies of the included studies have their own limitations, and (3) there were some differences in TXA and dosing regimen. Given the above defects and deficiencies, the pooled estimates should be explored with caution.

Conclusion {#Sec19}
==========

The application of intravenous TXA for patients undergoing revision TKA may reduce transfusion rate, drainage volume, hemoglobin reduction and length of hospital stay without increasing the risks of DVT or PE. Due to the limited quality and data from the studies currently available, more high-quality randomized controlled trials are required.

CI

:   Confidence intervals

DVT

:   Deep venous thrombosis

MD

:   Mean difference

MINORS

:   Methodological Index for Non-randomized Studies

PE

:   Pulmonary embolism

RD

:   Risk difference

SD

:   Standard deviation

TKA

:   Total knee arthroplasty

TXA

:   Tranexamic acid

We would like to acknowledge all authors of the original studies included in this meta-analysis.

Funding {#FPar1}
=======

This work was supported by funding from National Natural Science Foundation of China (no. 81572154; no. 81401792).

Availability of data and materials {#FPar2}
==================================

The datasets supporting the conclusions of this article are included within the article. All data and materials are contained within the manuscript.

Authors' contributions {#FPar3}
======================

PT, WBL and XLM conceived of the design of the study. PT, YTH, GJX and ZJL performed and collected the data and contributed to the design of the study. PT, ZJL and XLM prepared and revised the manuscript. All authors read and approved the final content of the manuscript.

Authors' information {#FPar4}
====================

The author information can be found in the title page.

Competing interests {#FPar5}
===================

The authors declare that they have no competing interests.

Consent for publication {#FPar6}
=======================

Not applicable.

Ethics approval and consent to participate {#FPar7}
==========================================

Not applicable, as this is a meta-analysis of previously published papers.

Publisher's Note {#FPar8}
================

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
